Strips of rabbit atrium 2-3 mm wide and 10-12 mm long were used to study how normal propagating action potentials excite a region where slow responses are the only form of electrical activity. One end of the preparation was bathed in normal Tyrode's solution. The rest was exposed to Tyrode's solution with high K + (12.7 HIM) and Ba ++ (1 HIM) (TKBa solution). The normal end was electrically stimulated and activity was monitored extra-and intracellularly (3 M KC1 microelectrodes) as it propagated into the TKBa-treated region. We observed that the slow response could be elicited optimally by the normal action potential only within a limited range of stimulation frequencies (from around 0.3 to 1 Hz). At higher frequencies, progressive "fatigue" of slow response was observed. At frequencies lower than this range, normal action potentials were unable to stimulate slow response. To clarify the mechanism under this behavior, slow responses were directly elicited by electrical stimulation of strips wholly bathed in TKBa. Rate dependency of slow response excitability was again observed. Conclusions are: slow response excitability is enhanced transiently at each stimulation; the enhanced excitability state subsides very slowly and may take as long as 10 seconds to disappear; the enhanced state is cumulative from cycle to cycle so that excitability increases with increasing frequencies of stimulation above 0.1 Hz; and high frequency block due to fatigue and block due to excitability depression at low frequency delimit an optimal frequency window for slow response excitation and conduction. (Ore Res 50: 419-427, 1982) 
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Methods Preparation Dissection and Mounting
Structurally homogeneous strips of the left atrial roof, about 2-3 mm wide and 10-12 mm long (with parallel pectinate bundles), were dissected from rabbit hearts. The study of propagation from normal muscle into a slow response region was performed in a three-compartment perfusion chamber. The chamber had two identical lateral compartments (17 mm long, 15 mm wide, and 7 mm deep) and a central one, much narrower and deeper than the previous two (1.5 mm, 6 mm, and 11 mm). Compartments were separated by thin latex sheaths with elliptical central hole (0.9 mm and 1.6 mm). The three compartments and the two latex partitions were pushed together by a screw. Each compartment was independently perfused. Silicone grease was used on all contact surfaces to prevent leakage. The atrial strip was pushed through the latex partitions so as to extend from the right (control) to the left (test) compartment ( Fig. 1 ). Absence of bulk leakage between compartments was checked under the dissection microscope in the beginning and whenever necessary during the experiment by adding a drop of methylene blue or Cardiogreen (Hynson, Westcott & Dunning, Inc.) solution to each of the three compartments, one at a time. The fluid level in the central chamber was kept lower than in the lateral chambers, so that any possible leakage from the test side should flow only into the central chamber. The control chamber thus was made free from contamination by test solution.
Solutions and Drugs
The normal Tyrode's solution had the following composition: NaCl, 137 mM; KG, 2.7 min; MgCl 2 , 0.5 mM; CaCl 2 , 2.7 mM; NaHCO 3 , 12 mM; NaH 2 PO 4 , 1.8 mM; glucose, 6.0 mM. The solution was saturated with 95% O 2 /5% CO 2 and maintained at 33 to 35°C (pH = 7.2).
In order to partially depolarize the tissue and depress its normal excitability, hence creating conditions for the appearance of the slow response, we used the solution referred to as TKBa solution in the test chamber. TKBa is identical to normal Tyrode's solution except that KC1 was increased to 12.7 mM, CaCl 2 was decreased to 0.5 mM, and 1 mM BaCI 2 was added.
Drugs used were tetrodotoxin (TTX) (Sankyo Co); ace-FIGURE 1. Schematic diagram of experimental set up with the threecompartment perfusion chamber. P = latex rubber partitions; TY = normal Tyrodesolution; TKBa = high K *,Ba " Tyrode'ssolution; SIU = stimulus isolation unit; £ = extracellular recording electrode; M = microelectrodes. Observe that the three compartments were short-circuited through a common ground. tylcholine chloride (Roche); D-600 (Knoll); and adrenaline chloride (Merck).
Experimental Procedure
After a period of at least 1 hour in normal Tyrode's solution at 33° to 35°C, the test chamber was perfused with TKBa solution while the two other chambers were kept under perfusion with normal Tyrode solution. All records shown in this paper were obtained under the above conditions except for those illustrated in Figures 6 and 7. These figures show results from experiments in which the preparations were kept in a single chamber where the whole strip was uniformly exposed to the depressing solution.
Stimuli were isolated rectangular pulses supplied either by Tektronix 160 series pulse and waveform generators coupled to a Bioelectric Instruments Stimulus Isolator Unit or by a Devices Isolated Stimulator model 2533, driven by a Digitimer 4030. In the three-compartment experiments, stimuli were applied to the right (control) compartment through stainless steel pins ( Fig. 1) . In experiments with uniformly depressed preparations, stimuli were delivered to the tissue surface through a glass capilary (0.7 mm inner diameter) with 1% agar in 0.9% NaCl solution in order to avoid gross injury caused presumably by local accumulation of electrolysis products at the interface between metal and tissues. Current was passed between this surface electrode and a silver chloride wire immersed in the bath far from the preparation.
Intracellular recordings were obtained through conventional 3 M KCl-filled glass micropipettes (tip resistances 20-40 MS2) connected to a high input impedance preamplifier (WPI model M4-A). Tracings show voltage difference between the intracellular microelectrode and a distant Ag/ AgCI ground wire immersed in the bath fluid. Surface electrograms were recorded through a teflon-coated silver wire (0.2 mm in diameter) with only the cut end exposed. The surface electrode touched the preparation gently and measured voltage differentially (Tektronix 3A9 amplifier) relative to a second silver wire located in the bath far from the preparation. Both intracellular and extracellular records were displayed on a Tektronic 565 oscilloscope. Figure 2 shows typical records of propagation along a left atrial strip mounted in the three-compartment chamber. In panel A, all compartments were kept in normal Tyrode's solution. The surface record in the normal compartment (lower trace) shows the expected sharp biphasic deflection. Action potential time course in the central (upper trace) and test (middle trace) compartments can be considered normal for left atrium under these conditions.
Results

Activation of the TKBa Slow Response by a Normal Propagated Action Potential
In Figure 2B , the extracellular recording from the normal compartment is roughly the same as in A (note the decrease in sweep speed). In the test compartment, the resting potential is importantly decreased (not shown), the action potential upstroke is much slower as compared to A, and its appearance is markedly delayed.
This delay exposes a decayed electronic image of the normal action potential that invades the test chamber (see hump that appears simultaneously with action potential in upper trace). The normal action potential in the central compartment (upper trace) shows an amplitude decrease of about 10% and shorter duration. These differences are due to the delay of the electronic interaction brought about (in panel A) by the prompt firing of a normal action potential in the test compartment. In TKBa, the appearance of the slow response in the test compartment is delayed. Also, due to its weak current-generating capability, slow response electrotonic influence on the record in the middle compartment is reduced. Once this point is taken into account, it can be stated that the action potential mechanism of cells in the central B FrcuRE 2. Potentials recorded in the three chambers upon stimulation of the right segment of the preparation at 1 Hz. Upper trace, intracellular recording from a cell in the middle chamber; middle trace, intracellular recording from a cell in the left compartment; lower trace, extracellular recording from the right compartment The electrodes were kept in place throughout the experiment. Athe three compartments were perfused by normal Tyrode's solution Calibration: vertical, 60 mV for intracellular recordings; horizontal, 100 msec B-after 20-minute perfusion of left compartment with TKBa (other two compartments kept in normal Tyrode's solution); calibration: vertical, 60 m V for the intracellular recordings; horizontal, 200 msec.
Masuda and de CarvaMo/Rate Effects on Slow Response Excitability 421 compartment was essentially unchanged when the test compartment was exposed to TKBa.
The contour of typical slow responses in the test compartment was quantified in nine preparations (19 cells) and yielded the following values (mean ± SEM): amplitude, 49.6 ±1.6 mV; duration (measured at 90% repolarization), 395.5 ± 19.7 msec; maximum rate of depolarization (graphically determined), 1.6 ± 0.3 V/ sec. Propagation velocity ranged from 0.04 to 0.08 m/ sec (four experiments). The resting potential, checked carefully in nine cells in which no DC shift was observed during impalement and withdrawal, was 49 ± 1.6 mV (range -4 0 to -6 0 mV).
Substances known to interfere with fast initial depolarization and plateau of normal action potentials in heart muscle were checked for their effect on the TKBa slow response. Tetrodotoxin (1 jug/ml) had no effect at all, which indicates that fast inward current does not contribute to this response (Hagiwara & Nakajima, 1966) . Slow response was completely abolished by D-600 (1 /xg/ml), MnCl 2 (5 HIM), and acetylcholine (15 /ig/ml); these substances are known to block or counteract slow current, thus depressing the plateau of normal action potential, artificial slow response, and nodal action potential (Hagiwara and Nakajima, 1966; Aronson and Cranefield, 1973; Paes de Carvalho et al., 1966 Lenfant et al., 1968; Zipes and Mendez, 1973; Wit and Cranefield, 1974; Cranefield, 1975; Noma et al., 1980) .
The above data show that the slow action potential recorded from the test compartment in Figure 2B is a typical slow response analogous to SA and AV nodal action potentials and to artificial slow responses observed by others through different methods. It is also clear that the three-compartment chamber allows for a well-defined boundary between normal and depressed tissue. The experimental arrangement is therefore suitable for the study of the excitation of the depressed segment by a normal propagated action potential. Figure 3 shows that the ability of the TKBa-depressed segment to yield a slow response upon invasion by normal propagated activity is limited at both high and very low frequencies. The control segment surface electrogram (upper trace in all panels) shows clearly the constant sharp deflection due to normal tissue activity (e). The slow response (lower trace in all panels) changes with cycle length in some noteworthy ways. In A (1.25 Hz, cycle length = 800 msec), the rate is too fast for the stimulation of the slow response and a 2:1 block is shown by the superimposition of two successive cycles. In Figure 3B (1 Hz, cycle length = 1000 msec) there is a 1:1 response but propagation time is longer and upstroke velocity is decreased. Both observations (Fig. 3, A and B ) are related to the phenomenon called "fatigue" in AV nodal physiology (Paes de Carvalho, 1961) . "Fatigue" is a cumulative depression of slow response amplitude, rate of rise and conduction velocity observed when the beating rate is raised beyond a certain point. "Fatigue" may either progress to a steady state (prolonged 1:1 conduction as in Figure 3B ) or it may end up in conduction failure. After a blocked beat, the tissue seems to "rest" until the following cycle elicits a good-sized, well-propagated slow response again and a new cumulative "fatigue" sequence is initiated. J X B FIGURE 3. Frequency of stimulation and slow response in the three-chamber bath. Upper trace, extracellular potential recorded from the control chamber (one fast deflection was always retouched for clarity); lower trace, transmembrane potential recorded from a cell located in the TKBa chamber, some 5-6 mm away from the partition. Frequency of stimulation: A, 1.25 Hz; B, l Hz; C, 0.77 Hz; D, 0.63 Hz; E, 0.5 Hz; F, 0.31 Hz. Records were obtained from the same cell throughout. The c denotes calibration pulse; s, stimulus artifact; and e, extracellular recording. In A, two consecutive cycles were superimposed. Calibration pulse in all figures, but better seen in C and F, 50 mv and 50 msec.
Effect of Cycle Length on Activation of Slow Responses by Normal Propagated Activity
The net result is a partial conduction block of cyclic nature (such as the 2:1 block in Figure 3A ).
Propagation into the slow response region improves markedly in C and less markedly in D and E as frequency is lowered progressively. This is due to the disappearance of "fatigue," which results in slow response upstroke velocity increase and latency shortening.
Surprisingly, as frequency is lowered to 0.31 Hz (cycle length = 3200 msec), the slow response can no longer be elicited even though the surface electrogram shows that the normal segment is still successfully activated by the electrical stimulus. It can be concluded that at very low rates there is either a failure of slow response excitation or a failure of slow response propagation within the depressed region.
Both the low frequency block and the high frequency "fatigue" effects can be observed consistently. These phenomena delimit a "frequency window" for the effective invasion of a slow response region in our atrial preparation. In nine experiments, the frequency range in which slow response followed in a 1:1 way the normal action potential varied from 0.17 to 0.40 Hz (lower limit) and from 0.63 to 2.5 Hz (upper limit).
Role of Time Course of the Invading Action Potential on Low Frequency Block of Slow Responses
It is well known for rabbit atrial and ventricular muscle that the amplitude of the plateau decreases at low (subphysiological) stimulation frequencies, thus causing an effective shortening of the action potential (Hoffman and Suckling, 1954; Gibbs and Johnson, 1961; Lewartowski et al., 1969; Paula Carvalho, 1972) . One possible explanation for the results as shown in Figure 3F is that, at low frequency, the normal atrial action potential shortens to the point of becoming an inadequate stimulus for the slow response. This possibility was established in two experiments (four different sequences) in which intracellular potentials recorded from the central compartment were taken as representative of the waveform that actually invades the depressed segment. Figure 4 shows a preparation initially driven at 1 Hz (not shown) and then at successively lower frequencies: 0.33 Hz (A), 0.2 Hz (B), and 0.11 Hz (C). In this preparation, recordings at 1 Hz and at 0.33 Hz are virtually undistinguishable from one another. It can be seen that the plateau of the normal action potential in the middle chamber shows a decrease in amplitude when rate decreases from A to C. This change in configuration causes an important shortening of the upper half of the action potential. In this particular experiment, slow responses could be obtained down to 0.125 Hz (cycle length = 8 sec) and failed at 0.11 Hz (cycle length = 9 sec). It is therefore clear that the shape of the invading action potential (i.e., the time course of the stimulus) may be an important parameter of slow response excitation.
If shortening of the invading wavefront is the sole explanation for low frequency block, one would ex-Circulation Research/Vol. 50, No. 3, March 1982 A . B FIGURE 4. Effect of low frequency of stimulation on three-chambered experiment. Records were obtained from the same preparation as in Figure 2 , and impalements were kept constant throughout. pect other experimental manipulations that shorten the plateau to affect in the same way the action potential ability to stimulate a slow response. This expectation was fulfilled in experiments where entry block was obtained at 1 Hz when the invading action potential (central compartment) was shortened by ACh (not shown: see Masuda, 1976; Masuda et al., 1982. However, another set of experiments suggests that action potential shortening cannot be the sole cause of low frequency block. These experiments were based on the observation of Edmands et al. (1966) that during an early extrasystole the action potential plateau has a larger amplitude than in the basic cycle response. As a result, the upper half of the action potential is longer during an extrasystole. One would then expect normal extrasystolic beats to be more effective in eliciting slow responses than the basic beat of a coupled rhythm. Figure 5 shows data chosen from a representative paired stimulation experiment from a total of five experiments yielding similar results. In panel A, the normal segment is driven with single stimuli (Si) at 1.25 Hz (cycle length = 800 msec). A normal action potential is detected in the central chamber (API) and a full slow response is consistently obtained at the entrance of the depressed segment, close to the partition. In panel B, the normal segment is driven at 0.2 Hz (cycle length = 5000 msec). The upper half of the normal action potential shortens considerably and the slow response diasppears. At this rate, the lower trace indicates but a subthreshold depolarization. In panels C-E, an extra stimulus (S2) is paired to the basic drive with an S1-S2 interval of 400 msec. In panel C, the first cycle of paired stimuli is applied to the quiescent preparation. It can be noticed that AP2 shows greater plateau amplitude than API. The subthreshold depolarization caused by AP2 in panel C is also larger than that produced by its basic cycle counterpart, and yet it fails to elicit a slow response. This is striking in view of the fact that AP2 in panel C is slightly longer and taller than the isolated API in panel A, where a slow response follows at every cycle. Panel D illustrates the second paired cycle. Note that API and AP2 have the same configuration as in the first paired cycle. Yet, at the entrance of the depressed region, the subthreshold depolarization due to AP2 has grown slightly, and the more obviously potentiated subthreshold depolarization due to AP2 leads to the delayed appearance of slow response. In the third paired cycle, API and AP2 are again unchanged, but the slow response promoted by AP2 arises sooner due to further enhancement of the subthreshold depolarization. This configuration is then stabilized over the succeeding cycles.
The results of Figure 5 are rather puzzling. It is quite clear that once the depressed segment becomes quiescent due to low frequency block (panel B), simple restoration of time course of the invading action potential is not sufficient to elicit a slow response (AP2, panel C). Therefore, the shape of the invading action potential cannot be the sole explanation for low frequency block. The excitabililty of the slow response is by itself decreased at long cycle lengths. This is clearly not due to any sort of slow response refractoriness, as no slow activity follows either API or /\P2 in panel C.
It is interesting to note that, in spite of the failure in panel C, the onset of paired stimulation has somehow "primed" the entrance into the depressed region so that slow responses follow AP2 with increasing ease in the second and third cycles. This "priming" effect results in an increase in amplitude of the subthreshold depolarization that follows the firing of the central compartment in each case. It looks as though every attempt at invading the depressed region, how-ever unsuccessful it may be, sets up at its entrance a state of enhanced slow response excitability which gradually subsides over several seconds. This enhanced state seems to be additive from beat to beat so that for a stimulus of constant shape (such as AP2 in panels C-E), the success of a supervening invasion would depend on the amount of enhancement that lingers on from previous attempts. Along this line of reasoning, a more enhanced state would be bred by the unsuccessful coupled stimulus in panel C than by the equally unsuccessful single stimulus in panel B. Consequently, more enhancement would remain at the beginning of the second coupled cycle (panel D), where the additional enhancement provided by the still unsuccessful API could add up to a state of excitability high enough to permit a slow response to follow AP2. The overall state of enhanced excitability would be expected to accumulate further in panel E, thus decreasing slow response latency.
The concept of an enhancement of excitability at each attempted invasion is a useful phenomenological description of the data and shall be used further on. It can be concluded so far that, although contour of invading action potential is expected to play a role in low frequency block of slow response regions, cumulative cycle length effects must be involved as well.
Rate and Rhythm Dependence of Electrically Stimulated Slow Responses
The following experiments were devised to separate further the importance of rate and rhythm from that of stimulus time course in the excitation of the TKBa slow response. Preparations set up in a single compartment chamber and uniformly exposed to TKBa solution were directly stimulated through rectangular pulses (see Methods). Figure 6 shows typical results from one of six similar experiments. Stimulus strength and duration were initially set in panel A at 34 V and 10 msec (stimulus current was found to be proportional to output voltage and load-independent in the range of stimulating circuit resistances). Stimuli were FrGURE 6. Effect of duration, amplitude, and cycle length on directly stimulated slow response. A whole strip of left atrial muscle was perfused by TKBa and directly stimulated at one end by current pulses, with varying frequencies, amplitudes, and durations. Records were made of two different cells, along the length of the preparation. Upper trace: intracellular record at a site as close to stimulation electrode as possible (less than 0.5 mm). Lower trace: simultaneous record from a cell some distance along the same bundle. Electrodes kept in the same cells throughout. Records shown in the same sequence followed during the experiment. A-1 Hz (cycle length = 1 sec), stimulus = 34V X 10 msec. B -0.5 Hz (cycle length = 2 sec), stimulus = 34 V X 10 msec. C-0.5 Hz (cycle length = 2 sec), stimulus = 34 V X 20 msec. D -0.5 Hz (cycle length = 2 secj, stimulus = 37 V X 10 msec. Calibration: vertical, 40 mV; horizontal, 50 msec. repeated at a rate of 1 Hz. A slow response was promptly excited in the neighborhood of the stimulation electrode and propagated to the far microelectrode. Panel B shows that the decrease in rate from 1 to 0.5 Hz was just enough to cause failure in the excitation of slow response, even though stimulus strength and duration were constant. This observation was followed for 5 minutes and no activity appeared. It constitutes additional proof of the validity of the previous conclusion that cycle length is an important determinant of stimulus effectiveness in slow response excitation.
It is also interesting to note that, in panel 6A, the proximal slow response seems to originate from an initial depolarization step which evolves to threshold. In panel 6B, where no slow response is observed, the initial depolarization step is still seen but it decays readily. This observation lends support to the idea that an electrical stimulus of fixed shape gives rise to a subthreshold depolarization, the time course of which is conditioned by the degree of excitability enhancement that lingers on from previous attempts at slow response activation. If enough enhancement is present, the subthreshold depolarization will proceed toward the slow response threshold. If cycle length is long enough for enhancement to subside further, the same stimulus causes a smaller subthreshold depolarization and may fail to elicit the slow response.
In panel C, slow response activity was recovered at the same rate (0.5 Hz) as in B, just by increasing stimulus duration from 10 to 15 msec. The result is a stronger subthreshold depolarization, now able to elicit the slow response even though enhancement caused by each stimulus presumably still decays along the same cycle length. Panel D illustrates successive cycles obtained at a rate of 0.5 Hz and constant stimulus amplitude immediately after stimulus dura-tion is set from 15 back to 10 msec. One observes at each cycle that the delay between stimulus aritifact and slow response in the proximal microelectrode increases progressively until the response finally disappears at the sixth cycle. It looks as though the slow response becomes less excitable from beat to beat as the accumulated level of enhancement decreases to the point at which the tissue no longer responds to the stimulus. It is therefore quite apparent that stimulus intensity and duration (and not the local occurrence of the slow response itself) are important determinants of the degree of enhancement created at each cycle.
Panel 6E shows the effect produced when we increased stimulus amplitude from 34 to 37 V while keeping the same duration (10 msec) and frequency (0.5 Hz) used in panel 6D. One can see that the slow response is again stimulated. Figure 6 clearly demonstrates that both pulse configuration and rate are important factors in determining the success of stimulation in driving the slow response in TKBa depressed preparations. For each strength-duration combination there is a rate of beating below which slow response cannot be stimulated. When associated with data from the previous section, this finding indicates that, during invasion of a slow response region by normal propagated activity, both cycle length and contour of the invading action potential should constitute interactive determinants of the lowest permissible frequency. Figure 7 shows that high frequency "fatigue" effects can be elicited when propagated slow responses are driven in uniformly depressed preparations by constant suprathreshold rectangular pulses. Panel A shows slow responses recorded at two distant sites -JV-.L/V:/> FIGURE 7. Effects of high frequency of stimulation on electrically driven slow responses. Preparation kept in a single chamber, perfused by TKBa, and directly stimulated by suprathreshold rectangular pulses. Records obtained from two different cells, one as close to the point of stimulation as possible (within 0.5 mm), the other away from the first, on the same strand of fibers. Microelectrodes kept in the same cells throughout. A, 1 Hz; B, 1.25 Hz; C, 1.67 Hz; D and E, Z Hz. Calibration: vertical, 50 mV; horizontal, during stimulation at a rate of 1 Hz (cycle length = 1000 msec). Observe that both responses have approximately the same amplitude. The activation delay between the two cells measured at 50% amplitude is 78 msec and is constant from cycle to cycle. In B, at a frequency of 1.25 Hz (cycle length = 800 msec), the conduction time between the same two cells increased to 90 msec. In C, at 1.67 Hz (cycle length = 600 msec), the delay increased to 115 msec. Finally, in D and E, at 2 Hz (cycle length = 500 msec), different cyclic patterns of conduction block can be seen (note reduced sweep speed).
High Frequency "Fatigue" Effects in Directly Stimulated Slow Responses
Panels A-C in Figure 7 show different steady states of "fatigue," which increase with shortening of cycle length and are expressed most markedly as conduction delay. Panels D-E show that "fatigue" can become deeper and affect seriously the time course and the conduction of the slow response. The concomitant appearance of upstroke slowing and propagation difficulties suggests that the accumulation of "fatigue" depends on the effective occurrence of slow responses in previous cycles, just as in AV node (Mendez and Moe, 1966; Merideth et al., 1968) .
Discussion
Loss of Slow Response Excitability at Low Frequencies
The data presented show the rather surprising fact that the invasion of the slow response zone by a "normal" propagated action potential not only "fatigues" at high rates but also fails when the cycle length is prolonged beyond a critical value.
The low frequency entry block in a slow response region has, presumably, two causes. The first cause is the concomitant shortening of the invading action potential. This presumption is strengthened by the finding that at a fixed rate both intensity and duration of direct stimuli are important in determining the occurrence of a slow response. The second cause of low frequency entry block is a decrease in excitability of the slow response itself. This can be made apparent independently of contour variations of the invading action potential (see Fig. 5 ). Experiments with directly applied stimuli of fixed stimulus strength and duration also show clearly a decrease of excitability at long cycle length (see Fig. 6 ). These two sets of data can be taken as positive proof for the importance of cycle length to the excitability of the slow response at low stimulation rates.
It is adequate to ask whether the low frequency entry block at the depressed region represents a failure of excitation or a failure of propagation of the slow response. Propagation failure can be safely ruled out in Figure 6 , where the effect is observed at the proximal recording site, as close to the stimulating electrode as possible. It can also be noted in Figure 6 that propagation from the proximal to the distal electrode is maintained in all instances where excitation is achieved, which is clearly not the case in high frequency block (see Fig. 7 ). It would thus seem that the problem of low frequency block resides basically in the excitation of the slow response.
On the other hand, one should not rule out the possibility of slow response conduction problems at very low rates within large depressed preparations. Propagation in depressed areas is presumably due to local current flow between a slow response area and the resting tissue ahead. If safety factor is low and geometry variable along possible pathways, propagation difficulties can be foreseen in different points of the preparation. This would lead to a situation where low frequency delay or block could be set up at a given site at rates that would still be high enough to provide good propagation in other points of the preparation (Paula Carvalho, 1977) .
In this sense, propagation blockade would be but an instance of low rate entry blockade at a site of discontinuity in tissue properties.
Excitability Enhancement and Slow Response Excitation
Each stimulus applied to TKBa-depressed preparation seems to set up a transient state of enhanced excitability which takes several seconds (probably over 10 seconds) to subside entirely. This is indicated by the fact that enhancement from cycle to cycle can be noticed with electrical stimuli down to driving rates near 0.1 Hz. The intensity of the enhancement created by a given stimulus seems to depend entirely on stimulus intensity and duration and not on the occurrence of a slow response. The kinetics of enhancement decay during diastole has not been worked out in detail. If it follows a simple exponential law, the rate of disappearance at any instant will depend on a fixed rate constant and on the total level of enhancement present. One should then obtain a cumulative summation effect for the enhancement transients of successive cycles, thus building up progressively to a steady state level of enhancement that will be present at the end of each cycle at a given stimulation rate. This end-diastolic steady state level of enhancement will of course be larger for larger or longer stimuli and for higher stimulation rate, just as indicated by the data presented in this paper.
So far, we have no inkling as to the nature of the enhanced state. As it stems from the stimulus and apparently not from the slow response, it has been suggested to us (S. Weidmann, personal discussion) that it might stem from release of cathecolamines from nerve terminals due to the stimulus itself. Cathecolamines are known to enhance slow response excitability, and it would be difficult to circumvent this hypothesis by kinetic arguments. However attractive this possibility may be, it is not supported by two sets of electrophysiological data. First, the enhancement effects are observed when the slow response region is excited by normal, conducted action potentials originated from short threshold stimuli applied several millimeters away from the area of interest (see Methods for the three-compartment chamber experiments). Second, enhancement effects are observed when the slow response is generated by the addition of epinephrine to high K + (20 min) Tyrode's solutions (Masuda, 1976) . In this instance, the concentration of epinephrine in the extracellular space (1 jug/ml) should be high enough to swamp any small release due to direct nerve stimulation
The data presented do not clarify whether enhancement is a direct consequence of stimulus current or is mediated by some sort of graded subthreshold response to the stimulus (as might be represented by the subthreshold depolarization). Whatever the mechanism of enhancement, it is apparent that the slow response arises from a subthreshold depolarization set up by the stimulus. The amplitude and time course of this subthreshold depolarization deviate markedly from a simple passive response and seem to be good indicators of the final effect of all factors that promote or counteract slow response excitation. At a fixed cycle length, the amplitude of the subthreshold depolarization seems to depend on stimulus intensity and duration. For a given weak stimulus, the time course of the subthreshold depolarization may inflect upward toward a slow response or subside back to resting potential, depending on the degree of steady state enhancement at the end of the previous cycle.
If the subthreshold depolarization is large, a slow response will follow with only a minimal delay. Stimulus-response latency increases if the subthreshold depolarization becomes smaller. As the duration of a subthreshold depolarization can reach 200-300 msec, slow response triggering may be that much delayed with respect to stimulus. Smaller subthreshold depolarization results in excitation block.
At this point, it should be stressed that the subthreshold depolarization merely reflects an underlying state of enhanced excitability. This state subsides with a time course that is by far slower than that of the subthreshold depolarization. Excitability enhancement cannot therefore be mistaken for summation of subthreshold phenomena. Although summation can certainly occur (Cranefield et al., 1972) it cannot account for enhancement effects at cycle lengths longer than a few hundred milliseconds.
Our conclusion is that slow response excitability is depressed when the rate of drive is decreased below a certain level. The degree of depression is related not only to rate and rhythm but also to stimulus voltagetime course, be it a rectangular current pulse or an invading action potential. These findings, together with the long known fact that slow response is depressed at high driving rates, make up the picture of a frequency "window" at which slow responses can best be elicited and propagate.
